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Rheological propertiesAbstract Eliminating or controlling lost circulation during drilling process is costly and time-con-
suming. Polymers play an important role in mud loss control for their viscosity due to their high
molecular weight. In this paper, three natural cellulosic polymers (carboxymethyl cellulose, guar
gum and potato starch) were investigated as lost circulation control material by measuring different
ﬁltration parameters such as; spurt loss, ﬂuid loss and permeability plugging tester value according
to the American Petroleum Institute (API) standard. The experiments were conducted in a perme-
ability plugging apparatus (PPA) at a differential pressure of 100 and 300 psi, using 10, 60 and 90
ceramic discs. From the obtained data, it was found that the 0.1% from the carboxymethyl cellulose
exhibited the best results in the ﬁltration parameters among 0.3% guar gum and 0.6% potato
starch. At the same time the carboxymethyl cellulose (CMC) enhanced the rheological properties
of the drilling mud better than the two other used natural polymers in the term of gel strength, thix-
otropy, plastic and apparent viscosity. These results were discussed in the light of the adsorption
and micellar formation.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.1. Introduction
Oil-drilling ﬂuids, more commonly known as drilling muds,
are complex chemical systems that are essential for oil-drilling
excavation. Among other functions, an oil-drilling ﬂuid needs
to carry drill cuttings to the surface of the well [1], support the
walls of the well bore, protect the producing formation from
damage, cool and lubricate the drill bit, prevent drill-pipe cor-
rosion, facilitate the acquisition of information about the for-
mation being drilled [2].
During the drilling of highly permeable, highly fractured
and low pressured zones; loss of the drilling ﬂuid because of
28 A.M. Alsabagh et al.the migration through formation is known as lost of circu-
lation [3]. Trouble cost for mud losses, wasted rig time, inef-
fective remediation materials and techniques, and in the
worst cases – for lost hole side tracks, bypassed reserves,
abandoned wells, relief wells and lost petroleum reserves
have continued in this century [4,5]. The risk of drilling wells
in areas known to contain these problematic formations is a
key factor in decisions to approve or cancel exploration and
development projects [6,7]. A wide variety of materials can
be added to the drilling ﬂuid to seal off the lost circulation
zones [8,9].
Polymeric materials can reduce loss of circulation during
drilling due to their viscosity as superabsorbent materials
and rubber [10,11]. Cellulosic polymeric materials (as carboxy-
methyl cellulose, guar gum and starch) are available in abun-
dance and low in cost [12]. The carboxymethyl cellulose
(CMC) is a cellulose derivative with carboxymethyl groups
(ACH2ACOOH) bound to some of the hydroxyl groups of
the glucopyranose monomers that make up the cellulose back-
bone [13]. The guar gum is a polysaccharide composed of the
sugars galactose and mannose. The backbone is a linear chain
of b 1,4-linked mannose residues to which galactose residues
are 1,6-linked at every second mannose, forming short side-
branches [14]. Starch is a naturally occurring polymer of anhy-
droglucose units having a-1, 4 linkages [15]. It is the second
most abundant biomass found in nature, next to cellulose
[16], and consists of two major weight components. Chemi-
cally, it contains amylose linear polymer and amylopectin
highly branched [17]. Physically, it has both amorphous and
crystalline regions.
In this paper, three locally water-soluble cellulosic polymers
were investigated as lost circulation control material depend-
ing on their rheological properties with water-drilling mud.
Chemical composition of the three polymers should be used
to discuss the obtained results.Figure 1 The abbreviations and the che2. Materials and techniques
2.1. Materials
The carboxymethyl cellulose and potato starch were purchased
from Egyptian Morgan Company for chemicals. Guar Gum
was purchased from MP Biomedical, Inc. The abbreviations
and the chemical compositions for the used materials in this
paper are shown in Fig. 1.
2.2. Preparation of water-based drilling ﬂuids
The base component of the water-based mud was prepared by
adding 350 ml of fresh water into a laboratory barrel then
22.5 g of bentonite was measured and poured into the fresh
water while mixing using high-speed mixer for 20 min [18].
At the end of the mixing, the different investigated materials
were added by different concentrations. When high permeable
formations, with mean pore throat diameter of 10, 60 and 90
micron, are drilled with this local mud, a seepage loss occurs.
The results are shown in Table 1.
2.3. Permeability plugging test (PPT test)
Lost circulation materials were evaluated by using fann perme-
ability plugging apparatus [18,19]. The laboratory studies dis-
cussed here were carried out using the ceramic discs with mean
pore throat diameter of 10, 60 and 90 micron as a ﬁlter med-
ium at differential pressures 100 and 300 psi. The ﬁltration
parameters can be made from the data collected at 7.5 and
30 min intervals according to the following formulas [18]:
PPT ¼ 2 V30 min ð1Þ
SL ¼ 2 ½V7:5 min  ðV30 min  V7:5 minÞ ð2Þmical structure of the used polymers.
Table 1 Filtration parameters for local water-based mud* using different ceramic discs at different pressures.
Conc. Gm V7.5 min [ml] V30 min [ml] PPT value [ml] Spurt loss [ml] Static ﬁltration [ml/min
1/2]
100 psi 300 psi 100 psi 300 psi 100 psi 300 psi 100 psi 300 psi 100 psi 300 psi
At 10 micron ceramic discs
6.4% 80 130 100 160 200 320 120 200 14.6 21.9
At 60 micron ceramic discs
6.4% 90 150 122 200 244 400 116 200 23.3 36.5
At 90 micron ceramic discs
6.4% 112 170 151 235 302 470 146 210 28.5 47.5
* Mud Formulation: 22.5 gm bentonite + 350 ml distilled water.
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where; PPT is the permeability plugging tester value(ml);
V30 min (ml) is the total ﬁltrate collected in 30 min.; SL is the
spurt loss (ml); V7.5 min (ml) is the ﬁltrate collected in
7.5 min; and the SFR is the static ﬁltration rate (ml/min1/2)
2.4. Surface tension measurements (c)
The surface tension measurements were obtained using De-
Nou¨y Tensiometer (Kruss-K6 type) and applying a platinum
ring technique. A freshly prepared aqueous solution of the
materials in deionized water was prepared with a different mo-
lar concentration range of 1 · 102 to 1 · 105 mol/l at room
temperature. The ring was washed twice after each reading ﬁrst
by methanol and then distilled water. The apparent surface
tension was measured ﬁve times for each sample within a
2 min interval between each reading [20].
2.5. Rheological properties
Drilling Fluid viscosity was measured using Chandler viscom-
eter 3500 model [18]. Most successful drilling ﬂuids are
non-Newtonian [21]. Pseudo plastic is a general type of
shear-thinning, non-Newtonian behaviour that is desirable
for drilling ﬂuids [22]. The Bingham plastic and power-law
models [23,24] describe a pseudo plastic behaviour of the
drilling ﬂuids. The applied shear rate is between 5 and 1022 s1.Table 2 Filtration parameters for carboxymethyl cellulose using di
Conc. % V7.5 min [ml] V30 min [ml] PPT value [ml] Spu
100 psi 300 psi 100 psi 300 psi 100 psi 300 Psi 100
At 10 micron ceramic discs
0.1 14 18 16.7 21.5 28 36 22.6
0.3 24 30.7 28.7 36 48 61.4 38.6
0.6 32 40 37.6 46 64 80 52.8
At 60 micron ceramic discs
0.1 20.2 22 23.8 26.5 40.1 44 33.2
0.3 30.8 35.2 34.9 41 61.6 70.4 53.4
0.6 43.9 50.2 50 57 87.8 100.4 75.6
At 90 micron ceramic discs
0.1 23.7 27.2 28 32 47.4 54.4 38.8
0.3 42.6 48.4 48 54.5 85.2 96.8 74.4
0.6 51 58.3 58 65.6 102 116.6 88
The bold value means the best concentration with best results.2.5.1. Bingham plastic model
gpl: ¼ R600  R300 ð4Þ
sB ¼ 0:48 R300  PV ð5Þ
gapp: ¼ R600=2 ð6Þ
where, gpl. is the plastic viscosity (cp), R600 is the dial reading at
600 r/min, R300 is the dial reading at 300 r/min, sB is the yield
point (lb/100 ft2), gapp. is the apparent viscosity (cp).
2.5.2. Power law model
s ¼ kcn ð7Þ
Log s ¼ log kþ nlog c ð8Þ
where k, and n are consistency and ﬂow index, respectively, s is
the shear stress, and c is the shear rate.3. Results and
discussion
3.1. Filtration parameters for natural cellulosic materials
From Tables 2–4, it was found that all the ﬁltration parame-
ters have been enhanced drastically with addition of the inves-
tigated cellulosic materials in comparison with the local mud
before addition as in Table 1.fferent ceramic discs at different pressures.
rt loss [ml] Static ﬁltration rate [ml/min1/2] Filter cake (mm)
Psi 300 psi 100 psi 300 psi 100 Psi 300 Psi
29 1.9 2.6 0.17 0.12
50.8 3.4 3.8 0.19 0.15
68 4.1 4.4 0.2 0.17
35 2.6 3.3 0.17 0.12
58.8 2.9 4.2 0.19 0.15
86.8 4.5 4.9 0.2 0.17
44.8 3.1 3.5 0.17 0.12
84.6 3.9 4.5 0.19 0.15
102 5.1 5.3 0.2 0.17
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Figure 2 Illustrates concentration versus ﬁltrate volume For CMC, MG and MS at 100 Psi using 10 micron ceramic discs.
Table 3 Filtration parameters for guar gum using different ceramic discs at different pressures.
Conc. % V7.5 min [ml] V30 min [ml] PPT value [ml] Spurt loss [ml] Static ﬁltration rate [ml/min
1/2] Filter cake (mm)
100 psi 300 psi 100 psi 300 psi 100 psi 300 psi 100 psi 300 psi 100 psi 300 psi 100 Psi 300 Psi
At 10 micron ceramic discs
0.1 25.5 32.8 29.1 37.2 58.2 74.4 43.8 56.8 2.6 3.2 0.2 0.17
0.3 15 19.3 18 23.3 36 46.6 24 30.6 2.2 2.9 0.25 0.2
0.6 33.8 42.5 37.3 47.7 74.6 95.4 59.4 74.6 3 3.8 0.27 0.25
At 60 micron ceramic discs
0.1 32.7 37.8 36.6 42.7 73.2 85.4 57.6 65.8 2.8 3.6 0.25 0.21
0.3 21.3 23.8 24.8 28.2 49.6 56.4 35.6 38.6 2.5 3.3 0.27 0.25
0.6 46.4 53.3 51.4 58.5 102.8 117 82.8 96.2 3.7 4 0.3 0.27
At 90 micron ceramic discs
0.1 43.6 51.2 47.7 56.3 95.4 112.6 79 92.2 3 3.5 0.25 0.21
0.3 25.1 29.3 28.9 34.1 57.8 68.2 42.6 49 2.7 3.5 0.27 0.25
0.6 54 62.3 59.2 67.8 118.4 135.6 97.6 113.6 3.8 4.1 0.3 0.27
The bold value means the best concentration with best results.
Table 4 Filtration parameters for potato starch using different ceramic discs at different pressures.
Conc. % V7.5 min [ml] V30 min [ml] PPT value [ml] Spurt loss [ml] Static ﬁltration rate [ml/min
1/2] Filter cake thickness [mm]
100 psi 300 psi 100 psi 300 psi 100 psi 300 psi 100 psi 300 psi 100 psi 300 psi 100 psi 300 psi
At 10 micron ceramic discs
0.1 32.7 37.8 36.6 42.7 73.2 85.4 57.6 65.8 2.8 3.6 0.24 0.18
0.3 23.5 32 27 36 54 72 40 56 2.6 2.9 0.25 0.2
0.6 21.3 23.8 24.8 28.2 49.6 56.4 35.6 38.6 2.5 3.3 0.3 0.26
At 60 micron ceramic discs
0.1 33.8 42.5 37.3 47.7 74.6 95.4 59.4 74.6 3 3.8 0.18 0.16
0.3 30 40.2 34.8 45.5 69.6 91 50.4 69.8 3.5 3.9 0.26 0.2
0.6 23.5 32 27 36 54 72 40 56 2.6 2.9 0.26 0.23
At 90 micron ceramic discs
0.1 43.6 51.2 47.7 56.3 95.4 112.6 79 92.2 3 3.5 0.2 0.18
0.3 37.1 47.2 42 53 84 106 64.4 82.8 3.6 4.2 0.24 0.18
0.6 32.7 37.8 36.6 42.7 73.2 85.4 57.6 65.8 2.8 3.6 0.23 0.2
The bold value means the best concentration with best results.
30 A.M. Alsabagh et al.By changing the ceramic discs (10, 60 and 90 micron) at 100
and 300 differential pressures, the carboxymethyl cellulose
(CMC) exhibited the best performance in all the ﬁltration
parameters such as; ﬁltrate volume after 30 min; PPT value;spurt loss and static ﬁltration at 0.1% concentration. While
the maximum efﬁciency for the guar gum and potato starch
was pronounced at 0.3% and 0.6%, respectively as shown in
Figs. 2–4.
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Figure 3 Illustrates concentration versus PPT value for CMC, MG and MS at 100 Psi using 10 micron ceramic discs.
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Figure 4 Illustrates concentration versus spurt loss for CMC, MG and MS at 100 Psi using 10 micron ceramic discs.
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sonable values for all the ﬁltration parameters exhibited with
the 10 micron ceramic discs at 100 psi differential pressure.
The ﬁltrate loss after 30 min (ml) was 16.7, 18 and 24.2
against; the CMC, guar gum and potato starch respectively,54
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Figure 5 Surface tension behaviour for nOn the other hand the spurt loss decreased from 35.6, 24
and 22.6 ml against; the potato starch, guar gum and
CMC respectively. By investigating the results of permeabil-
ity plugging tester value, it was found that the CMC pro-
nounced the best results among the guar gum and potato910111213
c.), mol.dm -3
 Gum Starch
atural water-soluble cellulosic material.
32 A.M. Alsabagh et al.starch. The same result was exhibited by examining the sta-
tic ﬁltration rate values with the same ranking. By analysing
the ﬁlter cake data, it was found that the ﬁlter cake for
CMC is more elastic and without any bubbles (ranging from
0.12 to 0.2 mm) among the coming results by the guar gum
and the potato starch (ranging from 0.17 to 0.3 mm) and
their ﬁlter cakes have instability and bubbles. The obtained
good results by the CMC in the ﬁltration parameters may be
due to the CMC has surface active properties and it forms
micellar solution as shown in Fig. 5 so that the micellar
solution may be resulting an external ﬁlter cake in the front
of pores during the compressibility which leads to complete
plugging of the pores to prevent the ﬁltration loss as shown
in Sketch 1.Sketch 1 Sketch 1 shows the mechanism of CMC as lost circulatio
immediately, (B) After 7.5 min, (C) After 30 min blocking for pore th3.2. Surface tension parameters
The surface tension – ln Conc. curves in Fig. 5 and the surface
active properties in Table 5, justiﬁcated that the CMC is in the
former use among the other used two polymers in the drilling
ﬂuid formulation. From Fig. 5 and Table 5 the CMC forms
critical micelle concentration formation (CMCF). This ﬁnding
means that it has surface active properties and distinguished
CMCF. Meanwhile the guar gum and the potato starch have
cleared undistinguished CMCF. These results reﬂected why
the CMC exhibited the good results among the guar gum and
the potato starch.
This means that the CMC has slightly surface active prop-
erties but at the same time put the CMC in the former appli-n control materials through micelle formation. (A) After adding
roats.
Table 5 Thermodynamic parameters for natural water-insoluble polymers at 25 C.
Material c CMC Cmax \ 10
10 Amin \ 10
2 pCMC DGmic DGads
CMC 55 0.42 4.2 17.3 +0.55 4.1
Guar gum NA 0.48 3.4 NA NA NA
Starch NA NA NA NA NA NA
Table 6 Rheological properties of water-based drilling ﬂuid (M) and with carboxymethyl cellulose (CMC), guar gum (MG) and
potato starch (MS).
Materials Bingham plastic parameters Power law parameters
Plastic
Viscosity gpl [cP]
Apparent
Viscosity gapp [cP]
Yield Point
sB [lb/100ft
2]
Gel strengths(0min.)
[lb/100ft2]
Gel strength(10 min)
[lb/100ft2]
Thixtropy
[lb/100ft2]
Flow
index [n]
Consistency index
[lb.sn/100ft2]
M 3 26.5 47 28 31 3 0.084 29.6
MS 5 32.5 55 35 38 3 0.074 35.9
MG 6 45 78 53 61 8 0.1 45.2
CMC 8 60 104 71 81 10 0.1 60.2
Locally water-soluble natural polymers as circulation loss control agents 33cation among the other used materials. The DGads (4.1) of
the CMC in Table 5 means that its adsorbability on the surface
of the rocks leads to maximum stability of the formed ﬁlter
cake layer which enhances the ﬁltration properties.
3.3. Effect of lost circulation materials on rheological properties
of mud
3.3.1. Bingham plastic model
This study is to investigate the negative and positive effect of
materials on the rheological properties of mud [25]. The used
materials exhibited a positive effect. From Table 6, they in-
creased the rheological properties such as; the (sB) yield point,
gpl. (5, 6 and 8 cp), gapp. (32.5, 45 and 60 cp), the gel strengths
(38, 61 and 81 lb/100 ft2) and thixotropy (3,8 and 10 lb/100 ft2)
against the potato starch, guar gum and carboxymethyl cellu-
lose, respectively. The three used natural polymers are thixo-
tropic ﬂuids which enhance the property of suspending the
cutting materials during drilling process.
From the data in Table 6, one can deduced that the potato
starch has the lowest rheological properties while the carboxy-
methyl cellulose exhibited the highest rheological properties.
From the achieved results, it is obvious that, the carboxy-Figure 6 Shear rate versus shemethyl cellulose and guar gum are used as good viscosiﬁer be-
cause they raise the gel strength of the bentonite water
suspension.
3.3.2. Power law model
The pattern of the curves obtained from the shear stress and
shear rate relationship at the various materials showed that
the shear stress and shear rate were related in a nonlinear
manner as shown in Fig. 6. This nonlinear relationship
between the shear stress and shear rate showed that the muds
obeyed the power law model for non-Newtonian ﬂuid. In
addition, the nonlinear relationship between the shear stress
and shear rate showed that the muds are pseudoplastic.
According to Alderman et al. [26], a ﬂuid is pseudoplastic when
the consistency curve obtained from the shear stress and shear
rate relationship passes through the origin and is nonlinear.
It is observed from Table 6 that the ﬂow index, n, is less
than 1 for each mud with the various studied materials.
According to Mewis et al. [27], a ﬂuid for which n value is less
than 1 (n< 1) is said to have pseudoplastic ﬂow behaviour.
Further examination of Table 6 revealed that, the ﬂow index
n, and the consistency index, k, increased with an increase in
the viscosity of materials. This may be due to the fact that asar stress for different muds.
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Figure 7 Relationship between effective viscosity (Cp) versus shear rate (Sec1) for different muds.
34 A.M. Alsabagh et al.viscosity increases, the resistance of the ﬂuid to the applied rate
of shear or force, called shear stress, increases, and gives rise to
an increase in the ﬂow index. Thus, the increase of the ﬂow in-
dex, n, with viscosity resulted from the increase of shear stress
which required the mud to ﬂow. The increase of consistency in-
dex, k, with investigated materials resulted from the increase of
the overall thickness of the mud. Fig. 7 shows the relation be-
tween effective viscosities (cP) and the shear rate (sec1) for
investigated natural polymers and we can conclude that the
effective viscosity decreased with an increase in the applied
shear rate.
4. Conclusion
The main conclusion of this work can be drawn in the follow-
ing points;
 The lost circulation control material performance depends
largely on their rheological behaviour with the mud.
 Lost circulation control material can block pores by
forming external ﬁlter cake and by micelle formation, and
further decreases permeability.
 The carboxymethyl cellulose exhibited the highest perfor-
mance properties at 0.1% concentration while the guar
gum and potato starch exhibited their maximum perfor-
mance at 0.3% and 0.6%, respectively.
 As good results of thixotropy, gel strength and viscosity, the
CMC and guar gum can be used as viscosiﬁer for the
water-based mud.References
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